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1. Introduetion 
In the adrenal medulla cholinergic stimulation of 
the chromaffin cells leads to the release of catechola- 
mines from the granules within which they are stored 
[ 1,2]. Release is brought about by fusion of granule 
and plasma membranes and subsequent exocytotic 
release of the granule contents by a Ca2÷-dependent 
mechanism [3-5]. The details of this mechanism are 
unknown though a requirement for Mg-ATP has been 
demonstrated [3]. 
A role for protein phosphorylation in stimulus- 
secretion coupling has been suggested from work on a 
number of systems. An increase in cAMP-dependent 
protein phosphorylation has been shown to accom- 
pany amylase secretion in the rat parotid [6] and Ca 2÷- 
dependent phosphorylation has been suggested to be 
involved in neurotransmitter r lease from synapto- 
somes [7], insulin secretion from pancreatic ~ cells [8] 
and insulinoma cells [9] and in the secretion from 
mast cells [ 10] and platelets [ 11 ]. Furthermore a pos- 
sible role for calmodulin in stimulating Ca2÷-depen - 
dent phosphorylation in some of these systems has 
been demonstrated [7-9,11]. In the case of the chro- 
maffin cells cholinergic stimulation resulted in a Ca 2÷- 
dependent increase in the level of phosphorylation f 
two polypeptides just prior to secretion itself [ 12,13 ]. 
The subcellular localisation and calmodulin depen- 
dency of the phosphorylation f these polypeptides 
are unknown. 
In view of the possible involvement of calmodulin 
and protein phosphorylation in stimulus-secretion 
coupling in the chromaffin cell we have xamined the 
interaction of calmodulin with chromaffin granule 
membranes and its effect on membrane protein phos- 
phorylation. These results how that x2SI-labelled 
calmodulin binds to chromaftin granule mem- 
branes with high affinity in a CaZ+-dependent fashion. 
Furthermore, the granule membranes possess calmo- 
dulin-dependent, cAMP-dependent, and -independent 
protein kinases. 
2. Materials and methods 
Chromaffin granules were prepared from bovine 
adrenal medullae homogenised in 0.3 M sucrose, 1 mM 
EGTA [14]. The washed large granule fraction was 
purified through a density step of 1.7 M sucrose, 
1 mM MgSO4, 0.5 mM EGTA. The granules were lysed 
by homogenisation in 20 mM Hepes (pH 6.5) 1 mM 
MgSO4 and extensively washed in the same buffer. 
Before use granule membranes were washed and 
allowed to re-seal in isotonic buffer (137 mM K÷-gluta - 
mate, 20 mM MES (pH 6.5), 1 mM MgSO4). 
Bovine brain calmodulin [ 15] (40/ag) was iodi- 
nated to spec. act. 2.5/aCi//ag protein in 100/al PBS 
containing 250/aCi carrier-free K~2SI by exposure at 
4°C for 10 rain to 300/2g Iodogen (Pierce andWariner 
(UK) Ltd, Chester) plated onto a plastic microfuge 
tube. Unincorporated counts were removed b.y 
Sephadex G-25 chromatography. 
For the assay of 12SI-calmodulin binding to granule 
membranes 50-75/2g membrane protein was incu- 
bated in 1 ml binding buffer [137 mM K÷-glutamate, 
20 mM MES (pH 6.5), 1 mM MgSO4, 5 mM EGTA 
and varying CaCI2] containing 5-50 nM 12SI-calmo- 
dulin (diluted with unlabelled calmodulin to spec. act. 
2 Ci/mmol). Three samples were incubated with and 3 
without 4/aM unlabelled calmodulin. After incubation 
at 20°C for 15 min the samples were either filtered 
under vacuum through 2.5 cm Whatman GF/B glass- 
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fibre filter discs and washed 3 times (filtration assay) 
or centrifuged at 14 000 × g for 5 min and the pellets 
twice washed with binding buffer (centrifugation 
assay). Filters and pellets were counted in a Packard 
3002 auto-gamma counter. Specific binding was 
defined as that in the absence minus that in the pres- 
ence of excess unlabelled calmodulin. 
For the incorporation of phosphate from [~, 3Zp]. 
ATP, membranes (0.75 mg/ml) were incubated in 
binding buffer with 10/~M ATP, 10 ~tCi [3,-32P]ATP 
(spec. act. 3000 Ci/mmol; Radiochemical Centre, 
Amersham) and, where stated, 5/aM cAMP or 1.2/~M 
calmodulin. Incubations were at 37°C for varying 
times, the reaction stopped by the addition of an equal 
volume of dissociation buffer [125 mM Tris-HC1 
(pH 6.8), 1.25% SDS, 1% 2-mercaptoethanol, 10% 
sucrose, 2 mM EDTA], proteins olubilised by heating 
to 100°C for 1 rain and 100 #1 aliquots analysed by 
sodium dodecyl sulphate (SDS)-polyacrylamide g l 
electrophoresis. Autoradiography was carried out on 
dried gels. Molecular masses (Mr) were determined by 
comparison to known M r standards;/3-galactosidase 
(130 000), bovine serum albumin (67 000), ovalbumin 
(43 000), chymotrypsin (25 000), myoglobin (17 800) 
and cytochrome c (12 400). Protein determination 
was done as in [16]. 
Varying concentrations of free calcium in the bind- 
ing buffer were set up by varying the amount of added 
CaC12 based on calculations from the known dissoci- 
ation constants of EGTA-Ca 2÷ and EGTA-Mg 2÷. 
Final free [Ca 2+] was determined by comparison to 
standard solutions of Ca 2+ (BDH) using a calcium elec- 
trode [17]. 
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Fig. 1. Dependence of ~2Sl-calmodulin b ding to chromaffin 
granule membranes on concentration of calmodulin. The bind- 
ing of ~2Sl-calmodulin to granule membranes wa assayed over 
a range of concentrations of ~2SI-calmodulin at 10 -4 M Ca 2÷. 
Data are shown as a Scatchard plot and saturation curve 
(inset) of specific binding expressed a  pmol/mg membrane 
protein. From t~e Scatchard plot r = 0.96,K d = 3.1 X 10 -8 M 
and Bma x --3.3 pmol/mg. 
over a range of free [Ca 2+] was determined (fig.2). A 
small Ca2+-independent component was found in all 
experiments. Such a component had been seen with 
12SI-calmodulin binding to brain membranes [18,19]. 
Stimulation of binding occurred with increasing Ca 2÷ 
with half-maximal binding occurring at 5 × 10 -6 M 
free Ca 2+. 
3. Results 
3.1. Binding of  12S l-calmodulin to chromaffin granule 
membranes 
Binding of ~2SI-calmodulin to chromaffin granule 
membranes was carried out using either a 'fdtration' 
or a 'centrifugation' assay. Essentially identical results 
were obtained with either method. Examination of 
specific 12SI-calmodulin binding over a range of calmo- 
dulin concentrations indicated that binding was satu- 
rable with a linear Scatchard plot (fig.l). An apparent 
K d of 3.1 × 10 -a M and a maximal binding capacity 
(Bmax) of 3.3 pmol/mg protein were found. At higher 
concentrations of 12SI-calmodulin evidence for a low 
affinity binding site(s) was obtained (not shown). 
The level of specific binding of ~2SI-calmodulin 
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Fig.2. Dependence of ~SI-calmodulin binding to chromaffin 
granule membranes on free [Ca2+]. The binding of ~2SI-calmo- 
dulin to granule membranes wa assayed at 50 nM ~2SI-calmo- 
dulin over a free [Ca 5+] range. Data were calculated as 1251- 
calmodulin specifically bound (pmol/mg protein) and 
expressed as a percentage of the maximum binding found. 
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Fig.3. Sodium dodecyl sulphate-polyacrylamide gel lectro- 
phoretic analysis of phosphate incorporation from [- -32P] ATP 
into chromaffin granule membranes. Membranes were i cu- 
bated with [-r-32P]ATP at 37°C for 30 s with: (a) calmodulin, 
(b) no additions, (c) cAMP, (d) inhibitor of cAMP-dependent 
protein kinase, (e) cAMP and inhibitor fcAMP-dependent 
protein kinase and then analysed by SDS-polyacrylamide gel 
electrophoresis and autoradiography. The Mr-values of 
detected phosphorylated polypeptides are shown on the left 
and those of standards on the right. This experiment was car- 
ried out with 10 -4 M Ca 2* in all incubations. Ina separate 
experiment we compared the pattern of phosphorylation i  
controls with either 10 -4 M Ca 2÷ or EGTA only present. No 
difference was seen in the two gel patterns indicating thatthe 
control pattern in the presence of Ca 2+ does not include a 
Ca2+-dependent component due to endogenous calmodulin. 
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Fig.4. Dependence of the degree ofphosphorylation f the 
major 43 000 M r polypeptide on (a) time of incubation and 
(b) free [Ca2+]. Chromaffin granule membranes were incu- 
bated with [ 'y-a2P]ATP and calmodulin at 37°C at 10 -4 M 
Ca :+ for varying times or for 30 sat varying free [Ca2÷]. The 
degree of phosphorylation f the 43 000 M r polypeptide was 
quantitated bycutting out dried gel pieces and counting radio- 
activity by liquid scintillation spectrometry. Each data point 
was expressed asa percentage of the maximum value in that 
experiment. 
3.2. Phosphorylation ofchromaffin granule mem- 
brane proteins 
A number of polypeptides incorporated phosphate 
from [,y.32p] ATP under those conditions used for 
examination of 12SI-calmodulin binding (fig.3). Exam- 
ination of the time course of phosphorylation indi- 
cated a peak in the level of phosphorylation after incu- 
bation at 37°C for 2.5 rain with a subsequent decline 
after incubation for 5 or 15 rain presumably due to 
the action of endogenous phosphatase or protease 
activity (fig.4a). All polypeptides showed similar time 
courses of phosphorylation. I  the presence of 10 -4 M 
Ca 2+, calmodulin stimulated the phosphorylation f 
the major phosphorylated polypeptide o fM r 43 000 
and a group of polypeptides o fM r 59 000, 58 000 and 
53 000. A calmodulin/Ca 2+stimulation of the phos- 
phorylation of these polypeptides was seen in 4 sepa- 
rate experiments. Stimulation of their phosphoryla- 
tion was not brought about by Ca 2÷ or calmodulin 
alone. The degree of stimulation of phosphorylation 
by calmodulin increased with increasing [Ca 2+] with a 
half-maximal stimulation of the phosphorylation f 
the 43 000 M r polypeptide at 7 × 10 -6 M Ca 2+ 
(fig.4b). Calmodulin-stimulated phosphorylation f 
the M r 59 000, 58 000 and 53 000 polypeptides 
showed similar Ca2÷-dependency (not shown). 
The phosphorylation f the 43 000 M r protein was 
also stimulated by 5/aM cAMP (fig.l). A more pro- 
nounced stimulation by cAMP was seen in the case of 
phosphorylation f the 59 000 M r protein. In the pres- 
ence of the specific protein inhibitor of cAMP-depen- 
dent protein kinase [20] the pattern of phosphoryla- 
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tion was virtually indistinguishable from that seen in 
the controls (fig. 1). Thus the basal evel of phosphoryl- 
ation seen in control incubations (even in the absence 
of Ca >)  must be due to the presence of a cAMP- and 
calmodulin-independent protein kinase. 
4. Discussion 
Chromaffin granule membranes bound 12SI-calmo- 
dulin with high affinity at 10 -4 M free Ca 2÷ giving a 
value fo rK  d (3.1 × 10 -8 M) similar to that found for 
the binding of 12SI-calrnodulin to brain membranes 
[ 18,19]. The intracellular calmodulin concentration i  
the adrenal medulla had been estimated to be around 
10 -6 M [21]. Thus in the intact tissue it could be 
expected that all of the high-affinity calmodulin bind- 
ing sites on the chromaffin granules would be occu- 
pied at high [Ca2+]. Since the internal free [Ca z+] in 
resting cells is around 10 -7 M rising to 10 -s M follow- 
ing stimulation [5] occupancy of the calmodulin bind- 
ing sites on the granule membranes would only occur 
following stimulation. It should be noted that our 
results on Ca2+-dependency of 125 I-calmodulin binding 
are compatible with the known affinity constants for 
Ca 2÷ binding to calmodulin [22,23]. 
We have shown that interaction of calmodulin with 
chromaffin granule membranes stimulates a calmodu- 
lin-dependent protein ki ase. Furthermore, we have 
demonstrated the presence of both cAMP-dependent 
and -independent protein kinase activity in the mem- 
branes. Protein phosphorylation had been demon- 
strated in chromaffin granule membranes [24,25]. 
However, the effects of cahnodulin and cAMP were 
not examined. Cholinergic stimulation of isolated 
chromaffin cells resulted in a Ca2+-dependent i crease 
in the phosphorylation of two polypeptides of 
M r 56 000 and 99 000 in [12] o rM r 60 000 and 
95 000 in [ 13]. The subcellular localisation of these 
polypeptides showing increased phosphorylation has 
not been determined. The 56 000/60 000 M r polypep- 
tides may be related to the 53 000/58 000/59 000M r 
group of polypeptides which we have shown to 
demonstrate calmodulin-stimulated phosphorylation 
in isolated granule membranes. The Mr-values of the 
phosphorylated species all correspond with known 
polypeptides in the chromaffin granule membrane 
([26], M. J. G., unpublished). The function of these 
polypeptides i  unknown, but include a 53 000 M r 
subunit of a membrane ATPase [26]. 
In interpreting the results of phosphorylation i  
granule membranes it is important o know whether 
the phosphorylated polypeptides are located on the 
external or internal facing surface of the membrane. 
Here we have examined both calmodulin binding and 
protein phosphorylation i  granule membranes under 
isotonic conditions. Under these conditions the gran- 
ule ghosts appear to reseal in their original configura- 
tion based on their ability to transport catecholamines 
[27]. Thus the phosphorylated polypeptides se n here 
are most probably on the external (cytoplasmic)-facing 
surface of the granule membrane. 
These results are consistent with a model for Ca >- 
dependent exocytosis involving sequential Ca2+-depen - 
dent binding of calmodulin to and calmodulin-stimu- 
lated phosphorylation in chromaffin granules preceding 
exocytosis. The exact functions of calmodulin- or 
indeed the cAMP-dependent and -independent phos- 
phorylations in the granule membrane are unknown. 
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